Nucleotide sequences of nine 5' upstream gene regions for human, chimpanzee, gorilla, and orangutan were determined. We estimated nucleotide differences ( d ) for each region between human and great apes. The overall d was 0.027 (ranged from 0.004 to 0.052). Rates of nucleotide substitution were estimated by using d and divergence times of human, chimpanzee, gorilla, and orangutan. The overall rate of nucleotide substitution between human and other hominoids was estimated to be 0.52-0.85 × 10 -9 . This rate in 5' upstream regions was lower than that of synonymous sites, suggesting that 5' upstream regions have evolved under some functional constraints. Because lower rates have been reported for coding sequences in primates compared to rodents, we also estimated the rate (1.17-1.76 × 10 -9 ) of nucleotide substitutions for the corresponding 5' upstream regions in rodents (mouse/rat comparison). Thus the primate rate was lower than rodent rate also for the 5' upstream regions.
INTRODUCTION
Comparison of human and other hominoids is definitely necessary to understand human evolution (e.g., see Saitou 2005) . Chimpanzee chromosome 22, orthologous to human chromosome 21, have been fully sequenced recently for human-chimpanzee comparative genomics (The International Chimpanzee Chromosome 22 Consortium, 2004) , however, we need outgroup species to infer human specific changes. There are such gene comparison studies of human and other hominoids O'hUigin et al. 2002; Wildman et al. 2003; Kitano et al. 2004) . Those studies mainly used protein-coding sequence data. Some studies Yi et al. 2002 ) compared human and other hominoid non-coding sequence data. However, data from 5' upstream noncoding regions are much less abundant than data from coding regions. 5' upstream non-coding regions of genes have important role for controlling gene expression. Accumulation of analyses of these regions between human and other hominoids is important to understand human evolution.
The nucleotide substitutional difference between the human and chimpanzee genomes was estimated to be 1.23% based on a total of 19,813,086 bp BAC end sequence comparison (Fujiyama et al. 2002) , while the whole chromosome comparison between human chromosome 21 and chimpanzee chromosome 22 showed somewhat higher value, 1.44% (The International Chimpanzee Chromosome 22 Consortium, 2004) . Many of those differences are probably caused by mutations occurred in so-called junk DNA (Ohno 1972) , and have no effect on phenotypic difference between human and chimpanzee. Some proportion of nucleotide changes, however, must be responsible for human-specific characters, such as large brain size, bipedalism, etc. King and Wilson (1975) proposed that genetic changes at the gene expression control region are more important than changes in the proteincoding region.
We thus estimated the rate of nucleotide substitution of 5' upstream gene region in hominoids in this study. We then compared it with corresponding synonymous substitution rates. These rates were also compared with those for mouse ( Mus musculus ) and rat ( Rattus norvegicus ). Finally, implication of human specific changes in the 5' upstream region is discussed.
MATERIALS AND METHODS
We determined nine 5' upstream gene regions (see Table 1 ) for human ( Homo sapiens ), chimpanzee ( Pan troglodytes ), gorilla ( Gorilla gorilla ), and orangutan ( Pongo pygmaeus ) in this study. Six genes (DDC, DMD, Edited by Yoko SattaMAOA, NEF3, NGFB, and POU3F2) are brain and/or neuron related genes. Two alternative 5' regions were sequenced for the DMD gene. The 5' upstream regions for two non brain-neuron specific genes (INMT and PLP2) were also sequenced. INMT is known to be expressed in several human tissues such as adult thyroid, adult adrenal gland, adult lung, and fetal lung (Thompson et al. 1999) , and PLP2 is expressed in colonic epithelial cell (Olivia et al. 1993) .
DNA was extracted from peripheral blood sample of Japanese individuals with informed consent for human samples. DNA samples for chimpanzee, gorilla and orangutan were also used, and those samples were the same as used by Kitano et al. (2004) . We sequenced two human samples and two chimpanzee samples for each DMD-1, NGFB, and POU3F2 gene, and these two sequences were identical with each other (data not shown). Hot-start PCR was applied to each selected segment (PE GeneAmp PCR system 2400 and 9700). All PCR primers were designed based on human sequences in the database. A list of primers used in this study is available from TK. PCR products were confirmed by 1.5% agarose gel electrophoresis, and purified using Micro Spin Columns (Amersham Biosciences). The purified PCR products were sequenced by using BigDye Terminator Cycle Sequencing Kit and ABI PRISM 377/310 DNA sequencer (PE Biosystems). Both strands were read using PCR primers and inner primers when long sequences were read. Overlapping two peaks on a site was regarded as heterozygous and the site was designated by following Nomenclature Committee of the International Union of Biochemistry (NC-IUB).
CLUSTAL W ver.1.8 (Thompson et al. 1994 ) was used for multiple alignments. Aligned regions without gaps were used for following analyses. Numbers of nucleotide substitutions per site ( d ) were estimated by using oneparameter method (Jukes and Cantor 1969) . Numbers of synonymous substitutions per synonymous site were estimated by using Nei and Gojobori's (1986) method. Figure 1 shows 5' upstream regions of eight genes whose sequences were determined in this study. Because the first exons of two genes (DDC and NGFB) were noncoding exons, start codons were not shown in the figure. Both alternative non-coding exons of DMD were also sequenced. DMD-1 and DMD-2 correspond to the brain type (Boyce et al. 1991 ) and the Purkinje cell type (Holder et al. 1996) , respectively. For simplicity, we used terms 'DMD-1' and 'DMD-2' in this paper.
RESULTS
We determined nine 5' upstream regions for four hominoid species (human, chimpanzee, gorilla, and orangutan), and their DDBJ/EMBL/GenBank International Nucleotide Sequence Database accession numbers are listed in Table 2 . A total of 4157 nucleotide sites could be compared, and 108 variant sites were detected. Variant nucleotide sites are shown in Table 3 . Two sites (120 of NEF3 and 218 of NGFB) had three character states. Therefore, a total of 110 changes are necessary to explain these variant sites.
Because numbers of nucleotide substitutions on each branch were low, we added nucleotide substitutions occurred on all branches of Fig. 2 . The total number of nucleotide substitutions among human, chimpanzee, gorilla, and orangutan ( d ) were estimated from the total number of nucleotide changes ( m ) among human, chimpanzee, gorilla, and orangutan. The total d for hominoids was 0.027 ± 0.003. Divergence times of human, chimpanzee, gorilla, and orangutan are shown in Fig. 2 following . By adding divergence times of all branches, the total time was 34.8-46.6 MY (million years), and this value was used to estimate rates of nucleotide substitution. The total rate ranged from 0.52 × 10 -9 to 0.85 × 10 -9 . There were no specific rate differences between brain-neuron expressed genes (DDC, DMD-1, DMD-2, MAOA, NEF3, NGFB, and POU3F2) and the remaining genes (INMT and PLP2). We used description in the NCBI database on gene symbols, names, and chromosome locations.
We used BLAST homology search system to retrieve homologous sequences from rat and mouse from the genome database. However, we could retrieve mouse and rat counterparts only for DMD-1, DMD-2, and POU3F2. Because the regions around translation and/or transcription start sites of those six remaining sequences had homology between human and mouse-rat, we retrieved same length of sequences with hominoids from regions just upstream of these homologous regions, and used them as possible mouse and rat counterpart sequences (see *DDBJ/EMBL/GenBank accession numbers starting with AB listed above were determined in this study. All of them are 5' upstream regions for hominoids. #: Thirteen entries (AY684852, AY684860, AY685683, AY685686, AY685688, AY685690, AY685692, AY685694, AY685696, AY685698, AY685700, AY685702, and AY685704) were used for chimpanzee MAOA. -: not analyzed. Table 3 . Variant nucleotide sites of nine 5' upstream regions of human, chimpanzee, gorilla, and orangutan DDC DMD -1 DMD -2 I NM T 1 1 1 1 2 2 2 2 3 3 3 3 3 4 4 4 4 4 5 6 1 2 1 1 1 1 1 1 1 1 1 1 2 2 3 1 4 8 9 9 0 7 7 8 1 3 3 4 1 3 5 5 5 2 5 5 7 8 0 1 5 7 6 1 2 5 4 8 1 1 3 6 7 2 6 6 6 6 7 8 9 1 8 0 3 5 8 4 6 6 0 1 7 3 4 8 5 8 2 0 1 9 8 1 6 1 3 0 2 8 7 6 3 3 1 0 2 0 2 6 1 3 7 1 3 4 5 5 3 6 9 0 3
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Hum, Chi, Gor, and Ora denote human, chimpanzee, gorilla, and orangutan, respectively. Numbers indicate nucleotide positions of each DNA region. Table 2 for list of sequence IDs used for comparison). The total d between mouse and rat was 0.100 ± 0.005 (Table  4) . Since the divergence time between mouse and rat is a matter of argument (Wilson et al. 1977; Jacobs. and Pilbeam 1980) , we used two kinds of divergence times between mouse , and rat to estimate rates of nucleotide substitutions; 40.7 MYA (million years ago) (Kumar and Hedges 1998) and 30 MYA (Kitano et al. 1999 ). The total rate ranged from 1.17 × 10 -9 to 1.76 × 10 -9
. The total rate of nucleotide substitution in hominoids was lower than that in rodents. Figure 3 shows relationship of d between hominoids and rodents for each region. Hominoid d and rodent d are positively correlated (correlation coefficient is 0.63). This is mainly because three regions (DMD-1, DMD-2, and POU3F2; shown in gray circle in Fig. 3 ) where primates-rodents homology was found low d both in hominoids and mouse/rat, while the remaining six regions, in which no clear homology was found between hominoids and mouse/rat, showed higher d both in hominoids and mouse/rat. This suggests that relative intensity of functional constraints had been more or less constant through the mammalian evolution. One 5' upstream region for hominoids, INMT, showed the evolutionary distance larger than that expected under pure neutral evolution (see Fig. 3 ). This suggests that the 5' upstream region of this gene reduced its importance in the primate lineage.
DISCUSSION
The average rate of nucleotide substitution for human and chimpanzee non-coding DNA has been reported to be 0.99 × 10 -9 (Yi et al. 2002) or 0.86 × 10 -9 (Wildman et al. 2003 ). The total rate of the 5' upstream region of hominoids (from 0.52 × 10 -9 to 0.85 × 10 -9 ) estimated by this study was lower than those of previous results. We estimated the rate of nucleotide substitution by using human, chimpanzee, gorilla, and orangutan data sets. When we estimate rates of nucleotide substitution by using only human and chimpanzee, the overall rate for human and chimpanzee ranged from 0.41 × 10 -9 to 0.82 × 10 -9 ( m = 26, d = 0.006 ± 0.001). Divergence time (4.6-6.2 MYA, see Fig. 2 ) between human and chimpanzee was used estimate the rate of nucleotide substitutions. The overall rate of human and chimpanzee was still lower than those of previous reports (Yi et al. 2002; Wildman et al. 2003) .
Rates of nucleotide substitution of various regions were summarized as nonsynonymous (0.85 × 10 -9 ), synonymous (4.61 × 10 -9 ), 5' UTR (1.96 × 10 -9 ), 3' UTR (2.10 × 10 -9 ), introns (3.14 × 10 -9 ) and pseudogenes (3.52 × 10 -9 ) in various mammalian genes (Li and Graur 1991) . It is shown that the rate of nucleotide substitution in 5' upstream regions is lower than those in other regions except for nonsynonymous sites. Studies of divergence between human and chimpanzee Shi et al. 2003) also showed similar tendency. 5' upstream regions do not code gene products, but these regions probably have functional roles to gene expression. Our result showed Fig. 3 . Comparison of evolutionary distances for ten 5' upstream regions between rodents and hominoids, based on data shown in Table 4 . Three regions designated with gray circles are those with asterisks in Table 4 . Two broken lines represent evolutionary distances for rodents (horizontal) and for hominoids (vertical) under the pure neutral evolution. The genomic divergence between mouse and rat (Table 6 ) was used as the pure neutral evolutionary distance for rodents. The value of genomic divergence between human and chimpanzee (0.012) multiplied by 3.77 was used as the pure neutral evolutionary distance for hominoids, because the total time of all branches (34.8-46.6 MY, mean 40.7 MY) was 3.77 times higher than the time between human and chimpanzee (10.8 MY = 5.4 × 2). The diagonal line represents equal selective constraints between rodents and hominoids. This line is through the origin and the intersection of the two broken lines. lower rate of nucleotide substitution in 5' upstream regions. This suggests that 5' upstream regions have evolved under strong functional constraints. It has been reported that rates of coding region in hominoids are lower than those of rodents (Wu and Li 1985; Gu and Li 1992; Kitano et al. 1999) . In this study, we showed that 5' upstream regions also have lower rates of substitution in hominoids than in rodents. To assess whether the lower rate of substitution in hominoids than in rodents is due to generation time effects or stronger constraint in hominoids, we estimated rate of synonymous substitutions for the same genes. For hominoid comparisons, we used distances between human and chimpanzee, because data for other hominoid species were not available. Table 5 shows the comparison of synonymous substitutions for hominoids and rodents (mouse vs. rat). We then summarized distance differences between hominoids and rodents as shown in Table  6 . In all three comparisons (5' upstream region distance, synonymous distance, and genomic divergence), the evolutionary distance between mouse and rat is 8-17 times higher than that between human and chimpanzee. The ratio of the species divergence time between the two species pair, t (M-R)/ t (H-C), should be at most 7 times, if there is no difference in evolutionary rate in primates and rodents. This indicates that somehow the evolutionary rate has been higher in rodents than in primates.
One good characteristic of simultaneous sequence comparison of closely related species is clear deduction of species-specific changes. We thus extracted eleven changes out of total 110 changes as human lineage specific changes (see Table 3 ). We searched putative transcription factor binding sites by using TESS (Transcription Element Search System) under anticipation that even one nucleotide substitution at the human lineage might caused a significant phenotypic change through change of gene expression pattern. Only five possible transcription elements differences between human and other hominoids were observed, as listed in Table 7 . Those site differences may affect gene expression differences between human and other hominoids, however, we need further experiments to confirm them.
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